INTRODUCTION
Monoclonal antibodies (mAbs) are often regarded as ''magic bullets'' (Brodsky, 1988) , which have been applied toward the treatment of an array of human diseases (Mould and Sweeney, 2007) . These therapeutic mAbs are engineered to specifically bind their cognate antigens with high affinities and have been deployed for neutralizing pathologic factors, blocking cellular signaling, and stimulating immune functions (Suzuki et al., 2015) . Therapeutic mAbs have shown great promise in cancer treatments given their therapeutically desirable characteristics of long plasma half-lives, high selectivity, and limited off-target toxicity (Wang et al., 2008) . To date, over 30 mAbs (and rising) have been approved for treatment of various types of cancers, including hematologic malignancies and solid tumors (Reichert, 2012 (Reichert, , 2016 (Reichert, , 2017 Ecker et al., 2015; Kaplon and Reichert, 2018) .
Like other targeted therapies, mAbs can only elicit their desired pharmacological effects when directly bound to their cognate targets. Therefore elucidating the target engagement of a given mAb is a crucial step toward characterizing its therapeutic potential and in determining its pharmacological dynamics, which helps define the optimal dosing regimens to achieve maximal therapeutic efficacy. Target engagement, or receptor occupancy (RO), is the ratio of occupied receptors of interest over total receptors of interest present on the targeted cells. Establishing the RO profile of any therapeutic mAb via preclinical or clinical studies is critical toward projecting the first-in-human dosages, to ensure minimal anticipated biological effect level and minimize potential dose-limiting toxicity (Agoram, 2009; van Gerven and Bonelli, 2018; Duff, 2006) . Antibody RO is often a valuable intermediate measurement for establishing dose (or exposure)-response relationships, especially at early stages of mAb development when defined biomarkers for an mAb's pharmacological effects are not available (Agoram, 2009; Liang et al., 2016; Shi et al., 2017) . Although many other factors should be considered when interpreting RO, such as receptor epitope properties (Lipman et al., 2005; Rook et al., 2015) , antibody-receptor binding is the first step required to elicit a pharmacological effect, and the binding kinetics of a given mAb to its targets within the tumor microenvironment dictates its general therapeutic potential.
Tremendous efforts have been expended toward creating a reliable and cost-effective method to quantify antibody RO. Flow cytometry (FCM), owing to its ease of operation, is routinely used to determine RO (Topalian et al., 2012; Liang et al., 2016) ; however, FCM is only ideally suited to antibodies that have targets present on circulating blood cells. Moreover, the constraints on sampling accessibility and high spatial heterogeneity often hinder the use of FCM toward antibodies targeting peripheral tissues. Large disparities have been observed between antibody concentrations in circulating plasma and in solid tumors (Suh et al., 2016; Bartelink et al., 2018) . Owing to the large sizes, high binding affinities, and high target specificities (Weinstein et al., 1987) , the distribution of antibodies in dense interstitial matrix is often limited to the perivascular area, resulting in fractional accessibility of targets to mAbs. In solid tumors, antibodytarget binding kinetics and the resultant RO are subject to complex biological variables, including tumorblood perfusion, antibody extravasation across the tumor vasculature, tumor extracellular matrix densities, and the expression levels and accessibility of antigens on tumor cells that are recognized by mAbs. All these factors complicate reproducibly quantifying antibody-target binding kinetics and the resultant RO in solid tumors.
One approach to quantify antibody RO in solid tumors is to perform immunohistochemistry staining on tumor biopsies. However, this approach lacks temporal resolution and often fails to incorporate dynamic factors present in in vivo situations that could greatly influence mAb-target interactions (Gebhart et al., 2016) . Another approach to assess antibody RO within solid tumors is to perform radiotracer replacement studies, which usually require two steps: first, giving subjects a small dose of radiolabeled antibody, and then giving increasing doses of unlabeled antibody. Owing to competitive binding, the radioactivity levels in the tumors decrease as doses of unlabeled antibody increase, indicating an increased RO, until a plateau is gradually achieved. Determining mAb RO using this approach is often complicated by the rapid endocytosis of the radiotracers by tumors (Boswell et al., 2010) . The estimation of RO is further biased by the unstable radioactivity in the control group, which should have relatively constant radioactivity without competitive replacement by unlabeled antibodies (Cunningham et al., 2005) .
Other radiolabeling methods, including positron emission tomography/single-photon emission computed tomography, are often applied to quantify mAb pharmacokinetics (PK), tissue distribution, and tissue-specific RO. These approaches raise safety concerns when determining the mAb RO due to elevated radiation accumulation (Burvenich et al., 2018) . Fluorescence imaging has also been explored for both preclinical and clinical applications Warram et al., 2015; Saccomano et al., 2016; Lamberts et al., 2017; Fornasier et al., 2018; Miller et al., 2018) . However, fluorescent imaging suffers from fluorescence quenching that is caused by external excitation light, and poor signal:noise ratios due to the high autofluorescence of biological tissues. Aside from these intrinsic disadvantages, most current non-invasive in vivo imaging methods have a common drawback to RO quantification, namely, they are unable to distinguish signals arising due to specific target engagement versus non-specific background signals. At the tissue level, it is difficult to distinguish the signals of bound mAbs from those of free mAbs present in blood circulating within tissues. Probes or tracers can exhibit non-specific binding and residualization in tumors, which greatly bias RO quantification (Cunningham et al., 2005; Patel and Gibson, 2008; Ogawa et al., 2009) . Therefore a non-invasive imaging technology that exclusively enables the visualization of antibody-target interactions in vivo is greatly desired.
In the present study, we developed a bioluminescence resonance energy transfer (BRET)-based system to non-invasively quantify antibody RO in live animals. BRET detection schemes are based on Fö rster resonance energy transfer, in which resonance energy is transmitted from a luciferase molecule (donor) during substrate catalysis to a fluorescent molecule (acceptor), which then re-emits the light according to its own emission spectra (Dragulescu-Andrasi et al., 2011) . In BRET-based protein-protein interaction studies, the donor (luciferases) and acceptor (fluorophores) molecules are tagged onto two distinct proteins of interest. Interaction between the proteins of interest, upon appropriate stimuli, brings the luciferase and fluorophore into close proximity, enabling the luciferase to efficiently transmit energy to the fluorophore resulting in BRET (Mandic et al., 2014; Ciruela and Fernandez-Duenas, 2015; Machleidt et al., 2015; Coriano et al., 2016; Goyet et al., 2016; Alcobia et al., 2018; Rathod et al., 2018) . BRET efficiency is governed by both the distance and orientation of the donor and acceptor molecules relative to each other. Given the stringent requirements of distance separation ($10 nm) between donor-acceptor molecules for efficient BRET, it offers a large signal:noise ratio and high sensitivity at physiologically relevant temporal resolutions and therefore has found wide utility in ligand-target interaction studies (Machleidt et al., 2015; Mo and Fu, 2016) . Recently, BRET imaging was applied to visualize a propranolol-dye conjugate (acceptor-ligand) binding to an N-terminal NanoLuc (NLuc)-tagged human G-protein-coupled receptor b 2 -adrenoreceptor (donor-receptor) in real time (Alcobia et al., 2018) , demonstrating the noteworthy performance of BRET imaging for monitoring ligand-receptor binding in vivo. In the present study, we extended the BRET approach to clinically attractive mAb therapies. Cetuximab (CTX), a therapeutic mAb currently deployed in many clinical trials for solid tumors, and its cognate target receptor, epidermal growth factor receptor (EGFR), were selected as a model system. EGFR is one of the most well-studied receptors; mediates key growth factor response pathways driving cell survival, proliferation, and growth; and has been implicated (overexpression/mutations) in numerous human malignancies (Han and Lo, 2012; Seshacharyulu et al., 2012; Ceresa and Peterson, 2014; Song et al., 2016; Liu et al., 2017; Sigismund et al., 2018) . Herein, we present a BRET-based imaging approach to directly monitor the temporal profiles of antibody-target RO in live animals using CTX binding to EGFR.
RESULTS

Design of the NanoLuc-EGFR/DY605-Cetuximab BRET Imaging System
NLuc (Hall et al., 2012) , which has shown significant advantages over other luciferases in BRET-based studies, such as enhanced maximal light output, improved signal stability, ATP-independent light generation, and resistance to autoinhibition among others (Schaub et al., 2015; England et al., 2016; Alcobia et al., 2018) , was fused to the N terminus of EGFR to generate the NLuc-EGFR fusion protein ( Figure S1A) . A fluorescent dye, DY605, was covalently labeled onto CTX to generate the DY605-CTX conjugate (DY605-CTX). In the absence of DY605-CTX binding, the addition of the NLuc substrate (furimazine) results in the single emission peak at 460 nm (NLuc, the BRET donor) ( Figure 1A ). However, upon DY605-CTX binding to NLuc-EGFR (bringing NLuc into close proximity with the DY605 fluorophore), the addition of furimazine produces two distinct peaks at 460 and 625 nm (emission peak of DY605, the BRET acceptor), the latter arising from the robust BRET observed between NLuc and DY605 ( Figure 1B) . Donor (at 460 nm) and acceptor (at 625 nm) emission peaks are $165 nm apart ensuring robust spectral separation and reliable detection.
Characterization of the BRET System
To characterize NLuc-EGFR expression in our HEK293 cells stably expressing NLuc-EGFR, we measured both NLuc and EGFR expression levels using bioluminescence signal intensity and anti-EGFR antibody fluorescence, respectively. As expected, the NLuc signal in the NLuc-EGFR HEK293 cells is several orders Figure 1 . Schematic of the NanoLuc-EGFR/DY605-Cetuximab BRET System NanoLuc (a 19-kDa luciferase) was fused to the N terminus of the epidermal growth factor receptor (EGFR) extracellular domain to generate the BRET donor moiety. A fluorescent dye, DY605, was covalently appended onto cetuximab to generate the BRET acceptor moiety. (A) In the absence of DY605-cetuximab binding, only the NanoLuc-EGFR fusion donor emission at 460 nm was detected upon addition of the substrate (furimazine), because the distance between unbound acceptor and donor moieties is too large to trigger BRET. (B) In the presence of DY605-cetuximab and upon its target engagement with the NanoLuc-EGFR fusion, furimazine administration generates two distinct emission peaks, at 460 nm (NanoLuc) and 625 nm, the latter arising from DY605-cetuximab as a result of the robust BRET between NanoLuc and DY605, now brought into close proximity by the NanoLuc-EGFR:DY605-cetuximab interaction. Donor (at 460 nm) and acceptor (at 625 nm) emission peaks are $165 nm apart ensuring robust spectral separation and reliable detection.
of magnitude higher than the background signal in the parental wild-type (WT) HEK293 cells ( Figure 2A ). Antibody probing for EGFR revealed a robust upregulation (5-fold) of EGFR protein levels in the NLuc-EGFR HEK293 cells compared with the parental WT HEK293 cells ( Figure 2B ).
Next, we characterized the DY605-CTX binding affinity to NLuc-EGFR. DY605-IgG was used as a negative control, and binding specificity of DY605-CTX to NLuc-EGFR was evaluated using a competition assay in the presence of a saturating concentration of unlabeled CTX (1 mM). The saturation binding curves (Figure 2C ) suggested single-site binding of DY605-CTX to NLuc-EGFR with an affinity of K D = 0.1 G 0.01 nM, which is in agreement with previously reported K D for CTX-EGFR binding (0.39 nM) (Kim and Grothey, 2008) . The binding of DY605-CTX to NLuc-EGFR could be completely blocked by a high concentration of unlabeled CTX, suggesting that DY605-CTX retains its site specificity toward EGFR, compared with unmodified CTX. DY605-IgG exhibited no non-specific binding to NLuc-EGFR. Collectively, the BRET signal observed from interaction between DY605-CTX and NLuc-EGFR could be used to quantify its binding kinetics and to evaluate the degree of RO between CTX and EGFR.
Effect of Dye per Antibody Ratio on Binding Affinity and Potentially Altered PK of DY605-Cetuximab in Mice
To determine the effect of dye per antibody ratio (DAR) on CTX's affinity to NLuc-EGFR, we generated DY605-labeled CTX at multiple DARs (1.6, 5.9, and 13). As shown in Figure 3A and Table 1 , the K D values of DY605-CTX to NLuc-EGFR remain consistent across a wide range of DARs (K D = 0.15 G 0.04, 0.12 G 0.03, and 0.12 G 0.03 nM at DAR = 1.6, 5.9, and 13, respectively). As expected, a greater maximal BRET signal (B max ) was observed at higher DAR, B max = 4.8 G 0.3, 13.4 G 0.6, and 15.7 G 0.8 at DAR = 1.6, 5.9, and 13, respectively. Compared with DAR = 1.6, B max at DAR = 5.9 increased $3-fold. However, B max only increased $1.2-fold between DAR = 5.9 and DAR = 13 conditions ( Figure 3A and Table 1 ), indicating that the BRET signals achieved are near saturation at the highest DAR tested herein.
We also compared the PK of DY605-CTX at different DARs. Nude mice were injected with three DY605-CTX DAR variants (DAR = 1.6, 5.9, and 13) at 3.2 mg/kg via tail vein. Blood samples were collected at 0, 18, 24, 48, 72, 96, 120 , and 168 h post dosing. As shown in Figure 3B , three DY605-CTX conjugates at the same dose level had significantly different systemic clearance. The PK parameters are summarized in Table 1 . The DY605-CTX displaying the highest Bmax was DAR = 13, whereas DY605-CTX with DAR = 13 showed the fastest clearance (0.100 G 0.014 mL/h), compared with 0.009 G 0.005 and 0.065 G 0.39 mL/h for labeled Figure 2 . Generation and Characterization of Stable NanoLuc-EGFR HEK293 Cells (A) Under identical conditions, the BRET donor (NanoLuc) bioluminescent signal of NanoLuc-EGFR HEK293-stable cells was $10,000 fold higher compared with wild-type HEK293 cells (two tailed, unpaired Students t test, p < 0.0001). (B) EGFR fusion expression levels were probed using DY605-cetuximab and found to be $5-fold higher in the NanoLuc-EGFR stable cells compared with wild-type HEK293 cells (two tailed, unpaired Students t test, p < 0.0001). For both panels (A) and (B), representative results are shown. Each data point represents one technical replicate. Error bars represent GSD values. At least three independent biologic replicates were performed per experiment. (C) BRET activity from the NanoLuc-EGFR/DY605-cetuximab system is concentration dependent (K D = 0.1 G 0.01 nM, B max = 9.9 G 0.24 mBRET units). No BRET was observed for the DY605-IgG control indicating negligible non-specific binding. Moreover, DY605-cetuximab binding to NanoLuc-EGFR is highly specific because no BRET signal was detected in the group containing DY605-cetuximab + unlabeled cetuximab (1 mM) due to the competition for the same EGFR domain. Each data point represents the mean value of three technical replicates. Data are presented as mean G SD. The experimental results are representative of at least three biologic replicates. For panels (B and C), the DY605-cetuximab has DAR = 3.8.
CTX at DAR = 1.6 and DAR = 5.9, respectively, and had concentration below detectable level by 96 h postdosing. To maintain the BRET imaging efficiency while minimizing any DAR-associated alteration to antibody PK, we therefore aimed to label CTX at DAR that was close to 5.9 for subsequent RO assessment.
Plasma Stability of DY605-CTX
To assess the plasma stability of the DY605-CTX and DY605-IgG conjugate (DAR = 4.6 and 5.6, respectively), we first confirmed that the residual free dye in the drug samples was negligible ( Figure S2A , 3.6% for DY605-CTX and 3.3% for DY605-IgG). DY605-conjugated IgG and CTX were incubated in mouse plasma at 37 C for 5-9 days, following which their total fluorescent intensities were evaluated. Plasma incubation had no significant effect on the fluorescent intensities of either DY605-CTX or DY605-IgG conjugates (Figure S2B, p = 0.7), suggesting minimal fluorescence quenching. Throughout the incubation, no conjugate dissembling was detected in either DY605-CTX or DY605-IgG ( Figure S2C ). Thus DY605-CTX and DY605-IgG conjugates are stable in mouse plasma at body temperature over extended periods of time (up to 9 days).
Development of NLuc-EGFR HEK293 Xenograft
A schematic of the study design and sampling strategy for the in vivo experiments is summarized in Figure 4A. Tumor sizes were monitored every other day using calipers. Implanted tumors exhibited exponential growth during the observation period (Figures 4B and S3) , and as expected, the normalized tumor sizes at the end of the in vivo RO study (day 35) are significantly greater than the ones at the beginning (day 28) (p < 0.0001). During the study period, tumor growth was also quantified using bioluminescence at the NLuc emission wavelength (collected using a 500/20-nm band-pass filter). The caliper-measured tumor sizes and the total bioluminescence photon flux at tumor area were normalized to the initial values. The increase in total flux was statistically significant during the study (p = 0.01), and the increase in NLuc luminescence closely matches the increase in overall tumor size as measured using calipers (p = 0.736) ( Figure 4C ). This close relationship between tumor size (caliper measurements) and relative NLuc luminescence (imaging) is expected, given that the total photon flux generated is directly dependent on the number of NLuc-EGFR molecules present in the tumor, which is determined by the number of tumor cells (tumor size). The receptor density was estimated using average radiance, which represents the photon flux per unit area and unit solid angle. The receptor densities did not change significantly over the course of this study (Figures 4D and 4E, p = 0.34 ).
Measurement of RO in Live Mice
The RO assessment was initiated on day 28 and was continued until day 35, with a duration of 168 h ( Figures  4B-4D ). While monitoring DY605-CTX/NLuc-EGFR target engagement, we sought to establish the PK profile of DY605-CTX (DAR = 4.6) at multiple dosing paradigms: 50 mg/kg, 8.5 mg/kg, and 1.0 mg/kg. The PK The binding affinities of DY605-cetuximab to NanoLuc-EGFR at various dye per antibody ratios (DARs) = 1.6, 5.9, and 13 were similar (0.15 G 0.04, 0.12 G 0.03, and 0.12 G 0.03, respectively), whereas the maximum BRET signals increased (4.8 G 0.3, 13.4 G 0.6, and 15.6 G 0.8, respectively).
(B) High DAR is correlated with increased DY605-cetuximab clearance in vivo. Plasma concentrations were normalized to initial concentrations. Plasma concentrations below the detection limits were noted as BDL. For panels (A and B), each data point represents the mean value of three technical replicates. Data are presented as mean G SD. BDL, below detection limit.
curves revealed linear kinetics across all dosages tested ( Figure 5 ). As shown in Table 2 , the different doses had similar dose-normalized C max (255 G 17, 303 G 32, and 214 G 22 L À1 , for 50 mg/kg, 8.5 mg/kg, and 1.0 mg/kg, respectively). The antibodies at 50 mg/kg and 1.0 mg/kg groups had similar dose-normalized area under the curve (AUC) (3,025 G 453 and 3,814 G 513 h/L, respectively). The antibodies at 8.5 mg/kg and 1.0 mg/kg groups showed similar clearance (0.19 G 0.02 and 0.25 G 0.03 mL/h, respectively). The dose-normalized AUC at 8.5 mg/kg was slightly higher than those of other two groups, but in general, the PK of DY605-CTX was linear within dose ranges of 1.0-50 mg/kg.
Next the RO was quantified by BRET ratios, as described in the Transparent Methods (Equations 5 and 6). As expected, due to intratumoral heterogeneity, the BRET signal intensities were not homogeneous across the entire tumor area ( Figures 6A-6C ). To prevent RO measurement biases arising from tumor-intrinsic factors (intra-or intertumoral heterogeneity), we quantified the average gated region of interest (ROI) BRET ratios across all animals in any given dosage group, accounting for both intratumoral heterogeneity and intertumoral variances. The BRET signal of the control group (DY605-IgG) was negligible throughout the observation period ( Figures 6D and 6E ). In addition, the linear regression slope of DY605-IgG raw BRET ratios versus time data is not significantly different from zero (p = 0.58), suggesting negligible non-specific interactions between IgG and EGFR, further highlighting the robust signal:noise ratio offered by our BRETbased imaging approach. A time-dependent increase in BRET signal (DY605-CTX/NLuc-EGFR binding) was observed, suggesting that most of the DY605-CTX was still in the vascular space immediately post administration with increasing tumor penetration and target engagement over time . Across all doses of DY605-CTX, the BRET signal (and thus maximal DY605-CTX target engagement) observed gradually increased and peaked at $4 h post administration (Figures 6A-6C and 6E). Times of maximal target engagement were consistent across all doses tested. The maximum BRET ratios observed for 50, 8.5, and 1.0 mg/kg doses were 337 G 123, 194 G 76, and 77 G 39 mBRET units, respectively (Table 3) .
BRET signal arising from DY605-CTX and NLuc-EGFR interaction displayed a biphasic decay, with a rapid decay phase between 12 and 24 h followed by a slower decay phase between 24 and 168 h, whereas the NLuc donor emission did not decrease over the course of the study ( Figures 6A-6D) . Interestingly, the BRET signal of DY605-CTX exhibits a distinct decay profile compared with plasma clearance kinetics (Figure 5) , indicating the discrete kinetics between plasma concentrations and target binding in solid tumors. Similar terminal slopes (l Z ) of BRET profiles for the different doses were observed, l Z = 0.011 G 0.002, 0.013 G 0.006, and 0.010 G 0.011 for 50, 8.5, and 1.0 mg/kg groups respectively. The BRET ratios for 1.0 mg/kg dose group decayed to levels comparable to those of IgG controls at 48 h post injection (p = 0.23). We also calculated the AUC of BRET ratios (BRET integral) and found that the total AUC BRET does not increase in a dose-proportionate manner. A trend of AUC BRET saturation is observed (Table 3) .
The RO was determined by dividing the BRET ratios at each time point by the average of the five highest BRET ratios observed throughout the study (Equation 6, see Transparent Methods). All the five highest BRET ratios were observed in the 50 mg/kg dose group, either at 4 or at 12 h post injection. As shown in Figure 6F , the ROs of three groups showed a trend similar to the BRET versus time curve ( Figures 6F  and 6E ). The maximum average ROs were 72% G 26%, 41% G 14%, and 18% G 6.0% at doses of 50, 8.5, and 1.0 mg/kg, respectively (Table 3) , suggesting fractional target accessibility. Similar to the AUC BRET , the AUC RO did not increase in a dose-proportional manner. The dose-normalized AUC RO were 612 G 197, 2,304 G 674, and 6,417 G 2600%$h/nmol for doses of 50, 8.5, and 1.0 mg/kg, respectively. Consistent with target binding versus time curves (Figure 6E ), the RO curves declined in a biphasic manner, even though the Groups Binding Parameters PK Parameters plasma concentrations declined in a nearly mono-exponential manner between 12 and 168 h. A strong kinetics discrepancy was suggested between the systemic PK and RO in tumors.
Dose-Exposure-RO Relationships
The relationships between the dose and system exposure and between the system exposure and tumor RO were investigated. As shown in Table 2 , DY605-CTX exhibited linear PK in the studied dose ranges (1.0-50 mg/kg), which was consistent with the dose-AUC PK plot, as shown in Figure 7A . A non-linear relationship was observed between the AUC RO and the AUC PK ( Figure 7B ), indicating the discontinuity between systemic exposure and specific RO at tumor sites. The point-to-point relationships between the RO and drug plasma concentrations were described by hysteresis loops ( Figure 7C ), suggesting that the tumor ROs were not synchronized with plasma concentrations with a significant delay (several hours) existing between peak plasma concentration and maximal tumor RO.
DISCUSSION
Target engagement is a critical factor for the successful development of therapeutic antibodies, yet direct evidence of antibody-target interactions can be difficult to reproducibly achieve in vivo (Muller and Brennan, 2009). Many state-of-the-art tools have been applied to quantify RO. In FCM assays, RO is (B) Tumor growth curve from the day the tumor was inoculated (day 0) to day 35. The caliper-measured tumor sizes were normalized to the first-observed tumor volumes and fitted to the exponential growth curve. Normalized tumor volumes at days 28 and day 35 were compared using a two-tailed, unpaired Student's t test.
(C) Tumor total photon flux at 500 G 20 nm (NanoLuc emission) relative to caliper-measured tumor growth was normalized to the initial measurements at the first day of in vivo receptor occupancy (RO) study (day 28). The increase in total flux was tested by a null hypothesis, ''the slope of linear regression of the dataset is significantly non-zero''. The null hypothesis was not rejected by a p value of 0.01. The trends of the normalized tumor-NanoLuc total photon flux and the normalized tumor volumes, measured by calipers, were compared using a null hypothesis, ''the slopes of the linear regressions are same for all datasets.'' The null hypothesis was rejected by a p value of 0.736. (D) The NanoLuc-EGFR tumor densities were estimated using normalized tumor average radiances. The trend of average radiances was evaluated by testing the null hypothesis that ''the slope of linear regression of the dataset is significantly non-zero,'' which was rejected by a p value of 0.34. During the in vivo RO detection phase of the study, NanoLuc-EGFR densities did not change significantly. For panels (B-D), the RO detection phase of this in vivo study is highlighted by the green area (day 28 to day 35, 0-168 h post dosing). All the animals (n = 19) were included in the tumor size, tumor area total flux, and average radiance analyses. Each data point represents the mean value of the tumor size, tumor area total flux, and average radiance of 19 individuals at the same time point. Data are presented as mean G SD.
(E) Representative images of the tumor NanoLuc-EGFR densities (radiance intensity) measured throughout the in vivo RO phase of the study.
assessed by probing the ligand or receptors on circulating cells to provide evidence of sufficient target engagement. Despite its high sensitivity when assessing RO on circulating cells, FCM is not an ideal approach to assess RO in solid tumors. Solid tumors are highly heterogeneous, and the homogenization procedures required for FCM analysis disrupt tumor integrity, cause a loss of intratumoral spatial resolution, and compromise the overall accuracy of RO quantification if applied to solid tumors (Samkoe et al., 2014) . In addition, the current methods immunohistochemistry and FCM for antibody target engagement in solid tumors require invasive procedures to obtain the necessary tissue biopsies. In this regard non-invasive whole-animal imaging approaches provide significant advantages in assessing the antibody-target interactions. However, commonly used displacement approaches for non-invasive RO assessment, in which small doses of radiotracer are replaced by increasing doses of unlabeled antibodies, are often complicated by cellular endocytosis and local turnover of the radiotracer. Non-invasive imaging approaches based on fluorescence are limited by high autofluorescence and fluorescence quenching (Samkoe et al., 2014) . One common drawback of these imaging approaches is the lack of a signal specificity toward direct target engagement, which means that these imaging approaches cannot distinguish the signals of bound antibodies from those of free ones sequestered in the tissue of interest, or those bound non-specifically to non-target cells (endothelial, stromal, or other tumor associated cell types), resulting in a poor estimation of RO (Cunningham et al., 2005; Patel and Gibson, 2008; Ogawa et al., 2009; Eigenmann et al., 2017) .
In the present study, we developed a BRET system that directly visualizes antibody-target interactions in live animals. In this BRET system, the bound DY605-CTX is triggered by substrate-dependent activation of NLuc (fused to EGFR), whereby any BRET emission reflects direct CTX-EGFR binding (Figure 1 ). Compared with conventional fluorescent imaging methods, the designed BRET method does not need external excitation light; thus the disadvantages of autofluorescence are avoided, whereas a high signal:ratio is promised. Despite limited spectrum overlap between NLuc emission (460 nm) and DY605 excitation (600 nm) ( Figure S4 ), the high quantum output of NLuc is sufficient for triggering robust BRET (Hall et al., 2012; England et al., 2016; Alcobia et al., 2018) . The long Stokes shift (165 nm) between DY605 emission peak (625 nm) and NLuc emission peak (460 nm) ensures robust spectral separation and enables the reliable detection of both the NLuc and the DY605 emission peaks. Mostly importantly, this BRET-based approach can be used to provide a direct measurement of antibody-target interaction in live animals. This observed BRET signal represents a real-time quantification of antibody-target complex. Thus because the derived RO is interpretable to several key physiologically relevant variables, such as antibody-antigen binding, antibody-antigen complex internalization, target turnover, and potential antibody-mediated trogo-or phagocytosis, RO measured by this approach could be used to directly compare the in vivo target engagement and therapeutic efficacy of different ligands for a given receptor (Weiner et al., 2010) .
As expected, a temporal delay was observed between plasma concentrations of an antibody and its RO to the targets in tumors. The binding peaked in three DY605-CTX groups at about the same time after dosing ( Figures 6A-6C and 6E ), which suggested that the delay between systemic exposure and binding in the BRET images (at 620 nm) of control group mice. The mice in control group received 1.9 mg/kg of DY605-IgG. DY605-IgG showed no binding with NLuc-EGFR during the study. For panels (A-D), the representative NanoLuc images (at 500 nm) of each dose group at day 1 (the first day of in vivo RO study) and day 7 (the last day of in vivo RO study) are shown on the right. (E) Quantified NanoLuc-EGFR/DY605-cetuximab binding for the 1.0 mg/kg (LD), 8.5 mg/kg (MD), and 50 mg/kg (HD) groups and 1.9 mg/kg DY605-IgG (control). For HD, MD, and LD groups, the bindings peaked at about 4-12 h and experienced biphasic decay after 12 h post injection. The BRET ratios for 1.0 mg/kg group were compared to DY605-IgG group by a two tailed, unparied Student t test. The BRET ratios for 1.0 mg/kg group was not significantly different with IgG controls at 48 h post injection (p = 0.23). No binding was observed for DY605-IgG.
(F) Quantified RO in live mice. Quantification of DY605-CTX RO revealed a maximum average RO for the HD, MD, and LD groups of 72% G 26%, 41% G 14%, and 18% G 6%, respectively. For (E and F), each data point represents the mean value of at least 15 unique ROIs (n = 2-6 per mice). Error bars represent GSD. The difference in RO across groups was evaluated using ordinary one-way ANOVA. ****p % 0.0001, ***p % 0.001, **p % 0.01, *p % 0.05, ns: p > 0.05.
tumors was likely caused by a slow but linear diffusion process. Interestingly, this observation is inconsistent with those of the previous studies, which indicated dose-dependent tumor penetration (Graff and Wittrup, 2003; Rhoden and Wittrup, 2012) . The reason for this inconsistency is unclear, but it might be associated with the quantification methods used in the present study or the relatively uniform vascularization in our xenograft models, evidenced by the lack of distribution-void necrotic area. High vascularization does not necessarily mean a full RO. As a matter of fact, only about 70%-80% of RO was achieved at the highest dose in the present study (Table 3 ). The fractional target binding could be caused by a mechanism called ''binding site barrier'' (Fujimori et al., 1990) , which hypothesizes that the antibody-antigen complexes in the immediate proximity of blood vessels significantly decrease the penetration of free antibodies into deeper tumor tissue.
Interestingly, the CTX-EGFR binding in the present study exhibited a biphasic decline after peaking (12-168 h), whereas the PK was largely mono-exponential within the same observation period. This is in contrast to the linear decline of pharmacodynamics in Levy's ''direct effect model'' (Levy, 1966) . The kinetic disassociation between antibody system exposure and target binding at tumor sites well supports our notion that plasma kinetics is not reflective of RO for antibodies that have targets in peripheral tissues (Thurber et al., 2008; Cao et al., 2013; Cao and Jusko, 2014) . In addition, the target engagement level (AUC RO ) did not increase in a dose-proportional fashion ( Figure 7B ). Comparing doses at 8.5 and 50 mg/kg, the average AUC RO increased approximately twice. This non-dose-proportional increase of the AUC RO and the average RO max may be explained by the fractional target accessibility. Although the receptors were highly expressed in our system, as shown in in vitro results (Figures 2A and 2B) , only a fraction of receptors were ''accessible'' to the antibodies, leading to a fractional RO, which was consistent with a previous study (Freeman et al., 2012) , in which a high dose of panitumumab was assessed in A431-derived xenografts and only a small fraction of EGFR was occupied.
Overall, the present study provides a novel paradigm for selectively and directly monitoring antibody target engagement in live animals using a non-invasive approach. The non-invasive imaging technique described in this study could be utilized to establish solid tumor dose-RO-response relationships of mAbs that are critical in evaluating their therapeutic efficacies and support further exploration of the factors that affect mAb efficacy and toxicity.
Limitations of the Study
Although the developed approach demonstrated feasibility in directly assessing RO in live animals, the approach has several technical limitations. First, we used the average of the five highest BRET signals to define 100% RO. Because of the lack of in vivo calibration curves, all derived ROs in the study are relative values rather than absolute quantifications. Although a true ''100% RO'' measurement cannot be quantified, the BRET-based system described herein provides a rapid and cost-effective way to evaluate ''saturating RO'' concentrations/dosing for any given drug-target pair in live animals in a temporally trackable format. Second, although the long Stokes shift (165 nm) limited the signal leakage from NLuc emission to DY605 emission, the background of the in vivo BRET measurement, that is the BRET ratios of DY605-IgG, was not zero. The highest signal:noise ratio observed in the quantified BRET ratio was approximately 4.2. This $20% background impaired the sensitivity of the RO assessment. Third, BRET ratios were quantified with inherent, protocol-constrained biases because of the restrictions on signal decay and filter settings. Owing to the intrinsic limitations of the imaging system, images at 500 and 620 nm could not be acquired simultaneously. Because of signal decay, the measurements at 500 nm were lower than the maximum potential peak value. In addition, the NLuc emission (460 nm) was collected using a non-optimal 500/20-nm band-pass filter, leading to an underestimation of donor emission signals. Fourth, the complex mixture of tumor and stroma cells in a given tumor microenvironment may further influence the BRET signals that can be achieved. Even though a non-homogenous cell distribution (as evidenced by a nonhomogenous NLuc signal) in HEK293 xenograft ( Figures 4E and 6A-6C ) was observed, it may fail to capture the microenvironment present in ''real'' tumors, which may contain strong stromal and/or immune components. Therefore further evaluations of our approach in representative tumor models are warranted.
Although we acknowledge that these results are incremental in nature, our proof-of-concept study represents an extended use of BRET-based strategies toward mAb-target interactions, demonstrating that the mAb-dye conjugates retain the mAb PK features and the binding specificity and affinity to mAb's cognate antigens. Those features made BRET-based imaging methods amenable to determine both spatial and temporal kinetics of mAb-target interactions. Although the study by Alcobia et al. demonstrated that small molecule (ligands) can be labeled and utilized for BRET visualization, we demonstrate that this approach can be extended to mAbs, further bolstering their initial finding and extending the utility and applicability of BRET-based in vivo RO observation method broadly toward clinically viable and attractive targeted therapies.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.05.003.
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Design of the NanoLuc-EGFR / DY605-cetuximab BRET imaging system
The SigNL-EGFR plasmid, containing the NanoLuc luciferase fused to the N-terminus of EGFR, was a kind gift from Promega Life Science (Seattle, WA, USA). The plasmid map is shown in Fig. S1a . A hydrophilic fluorescent dye, DY605 (Dyomics GmbH, Jena, Germany) , was selected as the BRET acceptor because of its outstanding molar absorbance (110,000 M -1 cm -1
) and spectrum (λex/em = 600/625 nm). DY605 was covalently appended onto the lysine residues of cetuximab (Erbitux, Eli Lilly) using N-hydroxysuccinimide (NHS) chemistry to generate the DY605-cetuximab (DY605-CTX). Briefly, the pH of the cetuximab solution was adjusted to 8.0−8.5 by using a solution of 7.5% sodium bicarbonate (Gibco ® , Gaithersburg, MD, USA) before the DY605 stocking solution (13.3 nmol/μl) was added. The mixture of DY605 and cetuximab was blended at room temperature for 1 hr. Lysines are a common site for nonspecific conjugation of fluorescent dyes using ester chemistry (Cilliers et al., 2017) . There are 44 lysines on cetuximab, about 3/4 of which are on the heavy chain (Wishart et al., 2006) . As conjugation between cetuximab and DY605 is nonspecific, most of DY605 is expected to be appended on heavy chain of cetuximab. After conjugation, free dye was removed using desalting columns from GE Healthcare (Piscataway, NJ, USA). Antibody concentrations and dye/antibody ratios (DARs) were measured using Nanodrop 1000 (Wilmington, DE, USA) as the equations below. DY650 was appended to IgG (control) using an identical protocol. . For the study evaluating the DAR effect on the DY605-CTX pharmacokinetics (PK), cetuximab was labeled with DY605 at three DARs (1.6, 5.9, and 13) for comparison. The DARs were tuned by changing the loading amount of DY605 when conjugating to cetuximab.
Eq.3
Three technical replicates were included in the in vitro BRET assay. The experiments were repeated at least three times.
Effect of DARs on target binding and pharmacokinetics (PK) of DY605-CTX in mice
Antibody PK alterations due to fluorophore types or DAR have been reported (Boswell et al., 2012; Zhang et al., 2016; Cilliers et al., 2017) . While increased DAR elevates the intensity of BRET acceptor emissions, it has been shown to accelerate the clearance of dye-antibody conjugates (Cilliers et al., 2017) . In the present study, the effect of DARs on PK was investigated, prior to the in vivo receptor occupancy (RO) study. We labeled cetuximab with DY605 at three different DARs (1.6, 5.9, and 13). The filtered DY605-CTX (DAR= 1.6, 5.9, and 13) were diluted in saline to 0.64 mg/mL for the following PK study in mice.
Female nude mice were obtained from the Division of Comparative Medicine at UNC. Each mouse was injected with 100 µl of DY605-CTX saline solution via tail vein (3.2 mg/kg, n = 3/DAR group). Blood samples were collected in a rotating manner within three subsets per group, and the total amount of blood removed from each subgroup was kept consistent throughout the study. Blood samples (30 µl) were collected via tail vein at 0, 18, 24, 48, 72, 96, 120 , and 168 hr post dosing. Plasma fluorescence was measured immediately after sampling and the rest of the sample was snap frozen and stored at -80°C. Plasma concentrations of DY605-CTX were measured based on fluorescent intensities according calibration curves. All animal studies were conducted in compliance with the Institutional Animal Care and Use Committee (IACUC) of UNC.
Stability of DY605-CTX in mouse plasma
The conjugate stability was tested as previously described (Aldrich et al., 2011; Cilliers et al., 2017) . Briefly, DY605-CTX was added into mouse plasma at the final concentrations of 1 µg/μl or 0.02 μg/μl. Plasma aliquots were stored at -80°C, then thawed and incubated at 37°C for 9 days for DY605-CTX, 5 days for DY605 -IgG. The mixtures were thawed in reverse order, namely, the one thawed on the 9 th day served as the first time point (day 1) of DY605-CTX, so that all samples were measured on the same day.
After incubation, 2 µl of either the DY605-CTX or the DY605-IgG plasma samples were mixed with 200 μl of saline in each well in a 96-well plate. The total fluorescence of incubated conjugates was measured by Cytation 3 (Biotek; Winooski, VT, USA) and normalized to the ones at day 1. The conjugate-specific fluorescence was determined after SDS-PAGE separation. Specifically, the DY605-CTX or the DY605-IgG plasma samples were mixed with LaemmLi buffer (Bio-Rad; Hercules, CA, USA) at 0.33 mg/mL and heated at 95℃ for 5 min. The conjugate solutions were loaded on 12% polyacrylamide gel (Bio-Rad; Hercules, CA, USA), free dye was used as a control. The electrophoresis was performed in Tris/HEPES/SDS running buffer (Bio-Rad; Hercules, CA, USA) for 45 min at 100 volts. Immediately after electrophoresis, the gels were removed and scanned with FluorChem M (Cell Biosciences, Inc., Santa Clara, USA). The fluorescent intensities of the DY605-CTX, DY605-IgG, and free dye bands were quantified using ImageJ (National Institutes of Health, Bethesda, MD). The ROI signal intensities of the free dye were normalized to the signal intensities of antibody-dye conjugates with the same incubation time.
Assessment of RO in live mice
A mouse xenograft model of NLuc-EGFR HEK293 was established using female nude mice (4 -6 weeks). To establish tumor models, 5 × 10 6 NLuc-EGFR HEK293 cells were suspended in 0.1 mL of PBS/ Matrigel (BD Biosciences; San Jose, CA, USA) (1/1, v/v) and inoculated subcutaneously into the inguinal flank of the nude mice. After ~4 weeks, mice with similar tumor sizes (> 500 mm 3 ) were selected for the imaging experiments.
Tumor growth was measured using calipers every other day. Tumor volumes were calculated according to the equation below.
Tumor size (mm Once the tumor sizes surpassed 500 mm 3 , the mice were randomly assigned to 4 groups: control (DY605-IgG at 1.9 mg/kg) or 3 treatment groups for DY605-CTX at 1.0, 8.5, and 50 mg/kg (n = 5/dose). The DY605-CTX (DAR = 4.6) and DY605-IgG (DAR = 5.6) were administered via tail vein injection. Animals were anesthetized and fixed to prevent moving during the image acquisition. Prior to image acquisition, furimazine (0.25 mg/kg) was injected via tail vein. Images were acquired at time 0, 2, 4, 6, 12, 24, 48, 72, 96, 120, 144 , and 168 hr after the injection of either DY605-CTX or DY605-IgG. The images were acquired around 45 s after substrate administration with the same order (620 nm first). The parameters used during the imaging were, 1 min exposure time (luminescent f/stop = 1) with either 620/20 nm or 500/20 nm bandpass filter set. All the in vivo images were acquired using an IVIS Kinetic optical imaging system (Caliper Life Sciences, Alameda, CA, USA) that was equipped with an electron multiplying charge-coupled device camera. Acquired images were processed and quantified using Living image 4.5.2 (Caliper Life Sciences, Alameda, CA, USA). For tumor size and receptor density analysis, the whole tumor area was gated and the total flux at tumor area was measured. The signal intensity was quantified using the total flux and the average radiance, which reflected the total NLuc-EGFR HEK293 amount and density, respectively. For RO quantification, up to 6 non-overlapped regions of interest were gated at the tumor areas on each image at 620/20 nm and 500/20 nm. To keep consistency, the sizes and locations of all ROIs for each tumor were the same at each time point. The total flux of all ROIs on corresponding acceptor/donor images were quantified. The average DY605-IgG BRET ratio that was measured within the first 48 hrs post administration was used as background, which was subtracted from raw BRET ratios in 50 mg/kg, 8.5 mg/ kg, and 1.0 mg/kg DY605-CTX group. The BRET ratio of a given ROI was calculated as the equation below. Eq. 5
In addition, at each time point, 30 µl blood samples were collected via tail vein for PK assessment. After the study, the animals were euthanized.
The five highest BRET ratios obtained throughout the in vivo RO assessment (DAR = 4.6; 50, 8.5, and 1.0 mg/kg dose groups, from 0 to 168 hr post injection) were selected and their average defined as RO = 100%. The remaining RO was calculated using the equation below.
RO% = 100%·
BRET ratio (DY605-CTX) Highest BRET ratio (DY605-CTX)
Eq. 6
Data analysis
The PK data was analyzed using Phoenix WinNonlin 7.0 (Certara, Princeton, NJ, USA) to calculate the PK parameters including maximum concentration (Cmax), area under the curve (AUC0-168hr), and clearance (CL).
The max values, terminal slopes (λZ), and AUC of receptor binding and RO data were also calculated. All experimental findings were statistically evaluated using GraphPad Prism version 7.0d (GraphPad Software; La Jolla, CA, USA).
